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Good fuse protection for a semiconduc- 
tor device such as a rectifier, an SCR, or a 
triac requires that the designer select a 
fuse that: 

1 . Will not melt or change its melting 
characteristics with normal load 
currents, 

2. Will melt if a fault occurs and 
thereby limit the fault current in 
such a way that no change appears 
in the semiconductor device char- 
acteristics, and 

3. Will not create, when melting, an 
arcing overvoltage that would dam- 
age or destroy the semiconductor 
device. 

To meet the first requirement, the fuse 
and the semiconductor must be separately 
able to withstand normal load currents. 
The third condition is easily checked from 
the characteristic curve that gives the 
maximum arcing voltage of the fuse as a 
function of working voltage and from the 
overvoltage capability of the semiconduc- 
tor device. The major problem, however, 
is the second requirement. Most fuse 
manufacturers give in their data sheets all 
of the operating characteristics of their 
devices: diagrams of arcing time, total 
operating I-T, and peak cutoff current 
versus prospective fault current. These 
data are usually all that one needs to know 
about fuse operating conditions. The 
designer, however, must also know the 
pertinent performance characteristics of 
the semiconductor device he wants to 
protect under conditions similar to those 
that will be imposed during fuse melting. 

Although some manufacturers provide a 
curve of their semiconductor's surge- 
current capability versus duration of the 



surge, most give only a few points, and 
some only one point of this curve. This 
minimum information is the surge 
capability for stresses lasting for a half or a 
full cycle of the ac power mains. In every 
case, the given data applies only to 
sinusoidal stresses. The actual fault 
current resulting from the melting of a 
fuse, however, looks like a triangular 
stress where shape and amplitude depend 
on the amplitude of the prospective fault 
current. 

It is the purpose of this Note, therefore, 
to provide the designer with an easy way 
to derive, from the published sinusoidal 
capability of any semiconductor, its 
triangular surge capability for stress 
durations between 0.5 and 20 millisec- 
onds, and thereby help him select the most 
suitable fuse to protect the semiconductor 
of interest. 

Junction-to-Ambient Temperature 
Rise Expresses as a Function of 
Dissipated Power 

Consider a semiconductor device in 
thermal steady-state conditions. The junc- 
tion-to-case and case-to-ambient tem- 
perature differences (respectively, 

and <?C-A' can t ' len resu l' horn tne neat 
supplied by an external heat source (e.g., 
oven, hot-plate) or from the heat the 
device itself generates. 

At time t = 0, the semiconductor device 
is stressed with an additional current pulse 
AKtl and, therefore, an additional surge 
of power AP(tl is dissipated at the junction 
level. Fig. 1. As a result, the junction-to- 
case and the case-to-ambient temperature 
differences, ABj.Q and A^.^, respec- 
tively, also change, as illustrated in Fig. 
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Fig. / - Power surge in semiconductor. 




Fig. 2 - Changes in temperature as a result of 
the power surge of Fig. I. 



2. However, for stress durations between 
0.5 and 20 milliseconds, A&Q.\ can be con- 
sidered negligible as compared to A8j_q 
because the C-A time constant is much 
longer (greater than 1 second! than the 
J-C time constant, which lies in the same 
range as the considered stress durations. 

The relationship between ASj.q and 
APItl must now be established. Let APItl 
consist of a superposition of successive 
steps, as shown in Fig. 3. Each step, 
APItI — AP(t — dr) occurring at a time t 
less than t, contributes an amount Z(t — 
tI[AP(tI — APIr — dr)] to the tempera- 
ture rise occurring at time t, where Z(t) is 
the junction-to-case thermal transient im- 
pedance for a step wave of length t of the 
semiconductor device under consider- 
ation. The change in Sj.q with time is 
given by: 



(1) A0J-C(t) 



f dAP(r) "I 



where c is an infinitely small positive 
quantity. 

Approximation of Transient 
Thermal Impedance 

For the short-duration stresses con- 
sidered in this Note, the typical transient 
impedance Zltl of the semiconductor 
device can be approximated by 




Fig. 3 - AP(t) illustrated as a 
successive steps. 



Z(t) = Z(T) 



(2) 



where Z(TI is the thermal impedance 
t = T. This approximation assumes that 
the time of interest is short enough so that 
heat generated at the semiconductor junc- 
tion may be considered to flow by one- 
dimensional diffusion within the silicon 
pellet. Therefore, for stress durations of 
less than 20 milliseconds (from Eq. 1 ): 



A0J-C(t) = 



Z(T) f l 



dAP(T-) 
dr 



(3) 



dr 



In devices like triacs in which the 
current can flow in both directions, the 
junction temperature rise will be different 
when the unit is stressed with a bidirec- 
tional current than it is when stressed with 
a full-wave rectified current of the same 
value, even though the total dissipated 
power is theoretically the same. Indeed, 
the pellet of a triac can be considered as 
divided into two areas, one carrying the 
foward current and the other the reverse 
current. The junction may be similarly 
divided into two parts, the forward- 
dissipation junction Jp and the reverse- 
dissipation junction Jr. as illustrated in 
Fig. 4. Again, for the short-duration 
stresses being considered, the heat flowing 
within the silicon pellet can be well fitted 
to a one-dimensional model and the 
header-to-case temperature rise neglected 
because the header has a much greater 
mass and therefore a much larger thermal 
inertia than the pellet. With the effect of 
the thermal header-to-case impedance 
neglected, the electrical-equivalent model 
of a triac is as given in Fig. 5. 
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Fig. 4 - Conduction and thermal flow in a triac. 
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Fig. 5 - Electrical model of a triac thermal cir- 
cuit. 

A bidirectional current stress will alter- 
nately heat each junction; the same 
amount of current, rectified, will always 
heat the same junction, as illustrated in 
Fig. 6. Therefore, for triacs stressed by a 
bidirectional current, the dissipated 
power stress must be divided in two parts, 
the forward power stress and the reverse 
power stress that heat separately the two 
parts Jp and Jp of the junction. 

Approximation of On -State 
Voltage Drop 

The expression dAPM/d7 in Eq. 3 
should be considered further. For stress 
durations of 0.5 milliseconds, switching 
losses can be neglected and P(tI = 
v(r) • i(rl if v(tI is the on-state voltage 
drop resulting from the current ilrl that 
flows through the device. The curve des- 
cribing the voltage drop of a semiconduc- 
tor device is often described by the sum of 
different terms (v = constant + Ai + 
B-v/1 ). However, the following more 
simple approximation can be used with 
good accuracy: 



I = k s/T 



(4) 



This yields: P(r) = k • i (r) 3 / 2 



and: 



AP(r) = k • A i (t) 3 / 2 



(4a) 



The curves of Fig. 7 show that the rela- 
tionship of Eq. 4 is a good fit to the actual 
voltage-drop curve of triacs, SCR's, and 
rectifiers. Differentiation of Eq. 41a) with 
a substitution for the final term yields: 

-^AP(7) = k^-[i(T) 3 / 2 -I 3 / 2 ] 
dr dr 

where I Q is the initial steady-state current. 
But because only additional current 
stresses having no original step (ilo) = I ) 
or a large original step (i(ol much larger 
than I D ) are considered, Fig. 8, the above 
expression can be simplified to read: 



dT 



AP(r) 



^k— i(r) 3/2 
dr 



(5) 



Substitution in Eq. 3 yields: 
kZ(T) 

A0J-C(t) = 




(6) 



The factor kZ(TI/VT depends on the 
semiconductor device under considera- 
tion. The integral factor that shall be 
called Fltl depends on time t and on the 
shape of the current stress. 

Fig. 6 - Effect of current type (bidirectional or 
rectified! on triac junction heating. 
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Fig. 7 - On-state current as a function of on- 
state voltage. 

Similar Waveforms 

Consider a current waveform Ktl that 
has a defined duration and a determined 
shape. By definition, another waveform, 
I '(t|, will be said to be similar to lit) if it 
differs from Ktl only in amplitude and 
time scale; i.e.: 



{ 



Ktl = f(tl foro < t < 5 
I'(t) = Afl|t) o<t<5/£ 



where & is I(t) duration and £ is the time 
scale factor. 

For the basic current stress, Ktl = fit): 
kZ(T) 



A6J-C (t) 



> P IT- d 

[f(T)] 3/2 dT 



(7) 



for o < t < 6. 

For the similar stress I 'It I = A • f( £t): 

Fig. 8 - Illustration of current stress with origi- 
nal step (i(0) * Iq). 



l (o) 



9ZCS- 2ST>2 



9ZCS-28783 



. AN-6438 



kZ(T) f 1 w , d 

A0'J-C(t) = — =- / A 3 ' 2 Vw- 



[«T)] 3 / 2 dT 

foro < t < 6/J, or: 

kZ(T) ,,~ 
A©'J-C (Jt) = ~r J A ' 



it 



[f«r)] 3 / 2 d(|T) 
kZ(T) A 3 ' 2 ft* 



d 



/■ft 

/ VIR7 

_/ o-e 



[f(?T)] 3 / 2 d(?T) 



dr? 

for o < ft < 5 
And from Eq. 7: 



A'0J-Cttt)=V — [A0J-C(t)l (8) 
I (t=ft) 



This equation shows that two similar 
current stresses yield similar temperature 
stresses. 

Variation of Surge Capabilities 
with the Duration of Similar 
Current Stresses 

To avoid damage to a semiconductor 
device, the junction temperature must be 
kept below a given limit. The condition for 
which two similar current stresses will 
yield two similar temperature stresses of 
the same amplitude is calculated as 
follows: 

Current stress 1: Amplitude A] - 

duration tj 
Current stress 2: Amplitude A2 - 

duration t2 

The amplitude of the resulting tem- 
perature stresses will be, respectively, 
proportional to (from Eq. 8): 



1/ A 3 tj a 



A3t 



2 l 7 



To get the same amplitude temperature 
V^Afh = >/ 4*2 



-4) 



1/3 



(9) 



Eq. 9 points out that in order for two 
similar current stresses to yield similar 
temperature stresses of the same am- 
plitude, their amplitudes must be in- 
versely proportional to the cube root of 
their duration. 

The relationship that exists between the 
l2 t of two similar current stresses that 
yield temperature stresses of the same am- 
plitude can now be calculated. For the 
basic current stress Ktl = fit) of duration 
6: 



I 2 T 



■f! 



f 2 (t)dt (10) 



For similar stress, I'(t) = Af(£t) of 
duration 5/£; 



5/S 



A 2 f 2 (?t) dt 



r 

J o 



and from Eq. 10: 



I 2 T' = — I 2 T 



f 2 (?t)d(ft) 



(11) 



Therefore, the I 2 T of the two current 
stresses described in the beginning of this 
section are: 

I 2 Tj = A 2 t] • I 2 T and I 2 T 2 = k\ t 2 .I 2 T 

If these two current stresses yield tem- 
perature stresses of the same amplitude: 



Ao - A, 



1/3 
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and: 




which leads to: 




This relationship indicates that in order 
for two similar current stresses to yield 
similar temperature stresses of same am- 
plitude, their I-t ratings must be in direct 
proportion to the cube root of their 
duration. 

Eqs. 9 and 12 can be used to plot, on 
log-log paper, the curves describing the 
variation of allowed I^t and allowed surge 
current IxSM f° r similar current stresses 
of variable duration t. Eq. 9 yields: 




and 

logI (t) = log(l t '/ 3 )-ilogt (9a) 
Eq. 12 can be written as follows: 



I 2 T(t) = I 2 T(t ) 




which yields: 

, I 2 T(t G ) 1 

logI z T(t) = log +-logt (12a) 

'o ' 3 

Eqs. 9(a) and 12(a) show that the curve 
IfSM = fit.) (which describes the am- 
plitude of the similar current stresses that 
yield same amplitude temperature stresses, 
Eq. 9<a» and the curve I 2 T = f<0 
(which describes the I*^T of the similar 
current stresses that give the same am- 
plitude temperature stresses, Eq. 12(a)), 
when drawn on log-log paper, are straight 
lines that, respectively, decay or rise one- 
third decade during each time decade; see 
Fig. 9. 



Comparison of Non-Similar 
Current Stresses 

Because similar current stresses yield 
similar temperature stresses, (Eq. 81, to 
compare the effect of two similar-current 
stresses, it was only necessary to compare 
the amplitudes of the resulting tem- 
perature stresses. Non-similar current 
stresses, however, yield non-similar tem- 
perature stresses, and to compare two 
non-similar current stresses it is necessary 
to compare the maximum values of the 
resulting temperature stresses: that is, the 
maximum values of the integral factor 
Fit) of Eq. 6. 

F(t)= f ' VPT f [l(r)] 3 / 2 dr (13) 

Rectangular-Current Waveforms 
For rectangular waveforms. Fig. 10; 
'(t) = 'o ° <t<T o 

! (t) = ° t>T o 
so that o < t < T„: 

Fig. 9-1 versus t and I 2 T versus t diagrams, 
plotting from given data. 



I (LOG SCALE) 
(AMPERES) 




I I 10 t (LOG SCALE) 

(milliseconds) 

e.g. GIVEN DATA: I { , ms } - 100 A 

92CS-29087 

(0) 



50 


I 2 t (LOG SCALE) 
(AMPERES 2 SECONDS) 








GIVEN 
DATA 


3 




















.1 1 10 "t (LOG 



(milliseconds) 
e.g. GIVEN DATA: I 2 T (I0 ms) =50 A 2 sec 

92CS-29088 



7 



AN-6438 




Fig. 10 - Illustration of F(t) for rectangular 
waveform. 



h (0 



IU7 # 2 6( t) dr 



= ,3/2 
o 1 



t-x] T= 



F (t) = J q e V^' I o /2 ( S (x)- 5 (r-T )]^ 

= ^ 2 j[V^] T=0 -[V^] r=To | 
= i 3 J 2 [VT- VTTb] 

These expressions yield an F(t> max for 
rectangular current waveforms of: 

F (t) max = 

At t = T„, Fig. 10. 

Triangular Current Waveforms 

The same procedure can be followed to 



shapes of triangular current waveforms. 
Detailed calculations are given in Appen- 
dix A. The triangular waveforms, the 
result of the calculation of Appendix A, 
and the curves of resulting F(ti are shown 
in Fig. 11. The different triangular shapes 
can be characterized by the ratio a of their 
total duration to their positive slope 
duration. 

Half-Sinewave Current Waveforms 

The current waveshape, the result of 
calculations made in accordance with Ap- 



pendix A, and the curve of resulting F(tl 
are shown in Fig. 12. 

Rectified Full Sinewave Current 
Waveform 

The current waveshape, the result of 
calculations made in accordance with Ap- 
pendix A, and the curve of resulting Fit I 
are shown in Fig. 13. 

Bidirectional full sinewave waveforms 
(triacs) — Each junction (Jp and Jpl is 
stressed respectively, by: 

2tt 



1 sin — t 
o *r 



I„ = o 



2ir 

-I- sin — t 

o <j> 



for o< t < T /2 

for T /2<t<T 
for o < t < T /2 
for T /2<t<T 



The current waveform of each junction 



By comparison with results obtained 
immediately above for half-sinewave 
current waveforms: 



KT„ = 0.440 71^1 



0.620 

r (t) Max = — 
occurs in = 0.34T„ and 0.84T, 



3 - 
o 'o 



The results of all of the calculations 
discussed thus far are summarized in Fig. 

I4<ki,k 2 ,k3>. 

k4 is derived from k2 as follows: For a 
rectangular current stress of amplitude 



piecu _ /iJt 
max v o o 



For another waveshape of amplitude Ij 



and duration T, 



F Max " k 2 



Setting F max equal for both stresses: 



r Max 



(3 



3/2 



prect 
H Max 

: k 2 





F |tl moi.0405 J I» T„ 
I.S ■ OCCURS IN t •0.39 T 




Kg. 11 - Ff t ) for triangular-current waveforms. 
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k 4 = 



= k. 



•2/3 



k5 is derived from k] as follows: For the 
above rectangular current stress of am- 
plitude I„ and duration T Q : 

i Street t 2^ 

o o 

For the second waveshape, above, of 
amplitude Ij = k4.I and duration T G 
that yields the same F max as does the rec- 
tangular stress: 



I 2 T = Mk^)^ 



And: 



I 2 T 



2 x rect 



1 Z T 



Two current stresses of different shape 
but of the same duration will yield iden- 
tical ABj.q max if their amplitudes are in 
the same ratio as their characteristic k<j 
factors. In this case, their I 2 T will be HI 
the same ratio as their characteristic k5 
factors. For example: 

New waveform (amplitude I, duration T G , 
characteristic factors k ] , k2, k 4 and k5 ): 



r Max 



J* 



Reference waveform (amplitude I Q , 
duration T c , characteristic factors kj°, 
k 2 °, k 4 ° and k 5 °): 



Max 



Setting: 



''Max 



F° 



Max 



the result is: 



(e 3 

'o"U/ _k 4 



k 2 
-3/2 



and: 



I 2 T° 



Wo 



Triacs I 2 t 

When the surge current IxSM °' a tr ' ac 
is specified in a data sheet for a bidirec- 
tional, full sinewave (fswl of duration T, 
the I 2 t given by Eq. 14 is obviously related 
to this bidirectional stress. T is the period 
of the ac power mains. 



(14) 



But, if the triac is protected by a fuse, the 
fuse will limit the fault current in such a 
way that the actual waveform of the 
current in the triac will be unidirectional. 
For this reason, triac manufacturers 
provide another value for I^t than the one 
obtained by Eq. (14); this other value is 
related to a unidirectional current stress. 
Some manufacturers give the value of I 2 t 
related to a half sinewave (hsw) of 
duration T. From Fig. 14: 



Mhsw) 



0.938 
1.48 



MS*) 



(15) 



0.63 1 



Other manufacturers provide the value of 
I 2 t related to a half sinewave of duration 
172: 



Theoretical Curves vs Empirical 
Databook Curves 

With the information derived thus far, 
the curves giving I 2 t and surge-current 
capabilities can be determined for any 
thyristor and any rectifier for the 
waveforms covered in Fig. 14 with 
durations varying between 0.5 and 20 
milliseconds (the limits set by the assump- 
tions made for Eqs. 2 and 51. The curves 
determined will describe the stresses, 
which will be accompanied by an iden- 
tical, maximum temperature rise, 
A0j.rjmax. 

Theoretical curves for RCA S206 
Family — The following information is 
given in the Databook concerning RCA 
S206 family: IxSM (8.33 milliseconds, 
sinusoidal) = 35 amperes; I 2 t (8.33 
milliseconds, sinusoidal) = 5.1 A 2 s. The 
curves of allowed sinusoidal waveforms as 
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Fig. 14 - Comparative table of the characteristic parameters of differently shaped current stresses. 



a function of time can be deduced from 
Eqs. 9 and 12 or from Eqs. 9(aland 12(al. 



jSinusoidal 
TSM (t) : 



35 



,2-rSinusoidal . 5 , 



8.33 
l (ms) 



l (ms) 



8.33 



1/3 



1/3 



These curves are plotted in Fig. 15. The 
figure shows that the theoretical IxSM 
curve is exactly the same as that given in 
the Databook. The IxSM curves 
corresponding to a = 10 triangular 
current stresses have also been 
established; for stresses of the same 
duration. Fig. 14. 



,tria = 10 
'TSM 



sinusoidal 
1.37 TSM 



1.31 



.sinusoidal 
'TSM 



,2 T tria=10 = j2 T sinusoidal 
0.938 

= 1 14 i^-j-sinusoidal 

Other Thyristor Curves 

Curves can be established in the same 
way for RCA thyristors S260. S280, and 
T410 (Fig. 16). and for typical thyristors 
of other manufacturers, (Fig. 17). The 
figures show that the calculated 
theoretical curves are in good agreement 
with the databook curves. 



Each diagram of Fig. 17 gives the value 
of ABj.Qmax. This value has been 
calculated from Eq. 6 where F(tl was 
replaced by its maximum value, which is 
given in Fig. 14 for sinusoidal current 



kZ(t) n 
Aflj^max = — 0.620 03 T„ 

For example, the SAIrmsl SCR whose 
•TSM ra ting is given as 90 amperes, 
sinusoidal, for a duration of 8.33 
milliseconds: 



kZ, 



A0 



(T) 



J-C 



vr 

Jo 



0.62 



= 48 



90 3 X 8.33 X 10" 3 
kZ(T) 
0T 
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Fig. 15 - Plots ofI TSM and I 2 T for RCA SCR 
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Fig. 17- Plots of IfSfyf and I^T for typical thyristors of other manufacturers. 
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To determine the value of k: 

MaxV T (90A) = 3.66V at 100°C 

(from the data sheet) 

3.66 = kV90" 

k = 0.39 VA" 1/2 
To determine the value of 
Z(T): 

vr 

Z(lms) = 0.4°C/W (from the data sheet) 

Therefore: 

A0j_ c max = 48 X 0.4 X 13 ~ 250°C 

Table I shows the results of calculations 
for the other SCR's considered in Fig. 17. 

Introduction to Practical Fuse- 
Thyristor Coordination Methods 

Experiments by fuse manufacturers 
have shown that fuse-limited fault cur- 
rents have almost triangular shapes, the 
shape of the triangle varies with the am- 
plitude of the prospective fault current. To 
determine the limits within which a fuse 
protects a semiconductor device, the 
designer must compare the curves of 
semiconductor surge capability for 
triangular stresses with the corresponding 
fuse curves. 

Surge-Capability Curves vs t c 

One approach to fuse-thyristor coor- 
dination involves comparison of the curves 
that give semiconductor peak current 
capability (or I 2 T) as a function of the 
current-stress duration t c with the 
corresponding peak cut-off current (or 
total operating I-T) curves of the fuse un- 




ACTUAL OPERATING TIME (t c (msM LOG SCALE ) 
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Fig. 18 - Curves of peak cut-off current versus 
actual operating time. 

der consideration. Such curves are not of- 
ten given by fuse manufacturers, but can 
be established point by point from 
diagrams giving t c (actual operating time), 
I 2 T (total operating I 2 T), and II (peak 
cut-off currentl versus Ip (rms value of 
prospective fault current). In the following 
discussion, C is used to denote the rated 
current of the fuse. 

Fuse Characteristic II versus t c 

For a value Ipj of prospective fault 
current in a fuse of rated current Ci, the 
curves t c versus Ip/C and II versus Ip 
yield the corresponding values tci of the 
actual arcing time and l[ \ of the peak 
cut-off current. A point can then be put on 
the II versus t c fuse diagram at t c = tcj 
and II = I LI- tn ' s pomt corresponds to 
Ip = Ipj and C = Ci. Point by point, 
two families of curves can be drawn on the 
same diagram, Fig. 18. The first family 
consists of curves whose points correspond 
to identical fuse rated currents; the second 
family consists of curves whose points cor- 
respond to identical values of Ip. The 
proof that, on a log-log scale, each of these 
families of curves consists of parallel 
straight lines is demonstrated in Appen- 
dix B. 

Therefore, for a given fuse type, a 
diagram like that shown in Fig. 18 can be 





Table I 


— Results 


of Various Calculations for Representative SCR's 




SCR 




•tsm 8 " 


33ms 


F Max 


k 


Z(T) 


A0j-c Max 






(A) 




(A 3/2 s l/2) 
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<°C) 
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A 


8A (rms) 
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48 


0.40 


13 
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B 


35A (rms) 


300 




294 


0.28 


3.2 


260 


C 


35A (rms) 


360 




386 


0.27 


3.2 


330 


D 


HOA(rms) 


1600 




3620 


0.20 


0.5 


360 



13 



AN-6438 



plotted and used as a basis to compare the 
fuse operating characteristics and the tri- 
angular surge current capability of a given 
semiconductor. For each point of the fuse- 
characteristic diagram, the approximate 
shape of the actual triangular fault current 
can be calculated and used to determine 
the best semiconductor triangular .charac- 
teristic to use. The value of the triangular 
shape factor a, defined as the ratio of total 
operating time to the time during which 
current has a positive slope, can be 
decided as follows: Fig. 20 — for each 
point of Fig. 18, to get same initial di/dt: 

K 

= Co y/2 Ip 



t c /« 



and: 



IP'c 

a = co V2 



where to is the angular frequency of the ac 
power mains. 

For the value of at values of a differ- 
ent from those given in Fig. 14(1, 2, 3, 10, 
oo | see Fig. 19, which was obtained by in- 
terpolation between these points. 

Fuse Characteristic I^T Versus Tc 

The curves of I-T as a function of Tc 
can be drawn point by point in the same 
way as the II versus tc curve from the 
curves of tc versus Ip/C and I^T versus 
Ip/C. However, the curve families derived 
will no longer consist of exactly parallel 
straight lines. 

Surge Capability Curves Versus Ip 

A second method of fuse-semiconductor 
coordination involves direct use of the 
curves provided by the fuse manufacturer, 
i.e., I^T versus Ip and 1]^ versus Ip. How- 
ever, the corresponding curves for 
thyristors are not known, and must be 
established. 

Consider a short-circuit current, the 
prospective value of which is Ip. The am- 
plitude of this current is yf^Ip., and its 
rate of rise at time t = is o>\f~2lp. If the 
actual short-circuit current is ap- 
proximated by a triangular waveshape of 
amplitude Ij^, duration tc, and rise time 
tc/a, Fig. 20, di/dt at time t = is: 



Wa t c TIME(t) 



It TIME(t) 

J LLU I L_L 



ooo 



TRIANGULAR SHAPE FACTOR 
(WITHOUT DIMENSION)— O 



Fig. 19 - Amplitude factor versus shape fac- 
tor a. 



PROSPECTIVE 
FAULT CURRENT 




ACTUAL 

FAULT CURRENT 
(DETERMINED 
BY FUSE ) 
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Fig. 20 - Actual triangular fault current and 
prospective fault current. 



= co\/2~ Ip 



a I, 



(14) 



c coV2 Ip 
Eq. 9 indicates that, for similar current 



I L = Xt c ->/3 

where X depends upon thyristor surge 
capability. Therefore, from Eq. 14, for 
similar (same a) triangular current 
waveforms resulting from a fault current 
Ip: 



1/3 



, l = x 3/4 ^p^J 



1/4 



(15) 
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Since it is known that for triangular 
current waveforms: 



1/3 l\ ■ 



it follows that: 



lh> = 1/3 a - — 



I 2 T/ 



1/3 X 



9/4 



V2 I p 

(wVI i P ) 



1/4 



1161 



The value of X can now be determined 
from thyristor surge capability (i.e., for 
'TSM(hsw)- (where hsw is defined as half 
sinewave) for time equal to kIu> for SCR's 
or rectifiers, or IxSM(fsw) ' or tuTle ec l ua l 
to2ir/wfortriacs|. 

For waveshapes of equal duration, we 
can write, using Fig. 14. fourth line: 

iA capability = (k4/1.37) 

i half-sinewave (hwsl capability (SCR 'si 

iA capability = (k 4 /1.73) 

i full-sinewave (fsw I capability (triacs) 

and: 

iA = (k 4 /1.37)i, hsw |(SCR'sl 

iA = (k 4 /1.73l i(f sw | (triacsl 

k 4 is the coefficient from Fig. 14 fourth 
line, and corresponds to a triangular 
waveshape. 



But, from Eq. 9: 



hsw = 'TSM(hsw) 1 



M' 3 

W) (SCR) 



from which: 



.SCR 



k 4 / tt/oA 

= , 37 'TSM(hsw)^ tc ) 



1/3 



(17, SCR) 



and: 



'(fsw) " I TSM(fsw) 



if) 



1/3 



(Triac) 



The latter equation yields: 



! 73 'TSM(fsw) 



(17, Triac) 



(v) 



1/3 



By comparison of Eqs. (17, SCR) and (17, 
Triad with I L = Xtc~ 1/3 : 

k4_ /„Vl*J 
X SCR " j J7 'TSM(hsw)^ J (18. SCR) 



and: 

X 



TRIAC " j 73 1 TSM(fsw) ^ w J 

(18, Triac) 
Finally, from Eq. 15: 

k 4_\ 3/4 /*W2 \l/4 
4 



■>( 



271 



\l/3 



kj : depends on actual 
current waveshape 

depends on depends on 1 
thyristor prospective 
capability fault current 

With k| = 1.37 for SCR's or rectifiers 
1.73 for triacs 

and = 1 for SCR's or rectifiers 
2 for triacs 



And from Eq. 16: 



1/4 



(20) 



ki z t : depends on actual 
current waveshape 

'TSM 9/4 T 
X— X Ip' 1 / 4 

depends on depends on 
thyristor prospective 
capability fault current 

In these two equations, the values of 
IfSM an< ^ T depend upon the frequency 
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of the ac power mains, and the type of 
device, as follows: 

SCR 's and rectifiers: 

Mains frequency = 

50Hz IxsM (10msl 
T = 10ms 

60Hz IxsM< 8 - 33msl 
T = 8.33ms 

Triacs: 

Mains frequency = 
50 Hz ITSM <20ms) 
T = 20ms 

60Hz I TSM (16.66ms) 
T = 16.66ms 

The value of ki and ki 2 t coefficients 
depends upon the actual current shape. 
Table II. For triangular waveshapes not 



described in Fig. 14, the curve of Fig. 19 
can be used; it provides a complete k4 ver- 
sus or curve that was determined by inter- 
polation. 

Accuracy of Methods 

The methods that consist of com- 
parisons of semiconductor peak-current 
capability curves and fuse peak cut-off 
current curves are more accurate than 
those that compare I2T curves. Indeed, if 
the different factors f(a) that affect semi- 
conductor capability are compared. Table 
III, it becomes evident that f(al varies 
much more for I^T curves than it does for 
II curves. Therefore, when plotting a 
curve corresponding to an average value of 
a, less errors are introduced (there is less 
variation of flor)) if the curve is of the II 
type than if it is of the corresponding I^T 
type. Diagram II versus tc is the one in 
which the semiconductor's surge capa- 
bility is least dependent on the shape of 
the actual fault current. 



Table II — SCR, Rectifier, and Triac Surge Capability versus a 
(at constant fault current) 


a 


SCR's or Rectifiers 


Triacs 


-(ST 
(ff 






-iter 


1 

2 
3 
10 


1.49 
1.39 
1.30 
1.00 


0.50 
0.81 
0.98 
1.49 


1.49 
1.39 
1.30 
1.00 


0.25 
0.40 
0.49 
0.74 



Table III — Factors That Affect Semiconductor Surge Capability 


f(a) 


I L vs tc 
diagram 
k4/k4 ref. 


l2Tvstc 
diagram 
k5/k5 ref. 


I L vs Ip 
diagram 
ki 


l2xvs Ip 
diagram 
Kl2 T 


a 
1 
2 
3 

10 


SCR Triac 
1.04 0.82 
1.19 0.94 
1.24 0.98 
1.31 1.03 


SCR Triac 
0.72 0.45 
0.94 0.59 
1.03 0.65 
1.14 0.72 


SCR Triac 
1.49 1.49 
1.39 1.39 
1.30 1.30 
1.00 1.00 


SCR Triac 
0.50 0.25 
0.81 0.40 
0.98 0.49 
1.49 0.74 


f Max 
f Min 


=■ 1.25 


=» 1.60 


=< 1.50 


« 3 


f Max - f Min 
f Min 


25% 




50% 


200% 
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Conclusions 

It has been shown on the basis of the 
two following assumptions concerning 
semiconductor transient thermal imped- 
ance and on-state voltage drop: 

Z(t) = Z(T)V^ 

V = k^/T 

that: 

1. Semiconductor surge capability 
depends upon stress duration. This 
time dependence can be approxi- 
mated by cubic-root laws for simi- 
larly shaped current stresses. 



I 2 t= .t 1 / 3 

where t is stress duration. (X and v 
are constants depending on the con- 
sidered device ) 

2. Semiconductor surge capability is 
greatly influenced by the shape of 
the current stress. A table is given 
in Fig. 14 that allows comparison 
between rectangular, triangular, 
half-sinewave and full sinewave 
current stresses. Triangular current 
stress capability can be easily de- 
duced from the basic half sinewave 
(rectifiers or SCR's) or the basic full 
sinewave (triacs) capability. 

3. The diagram in which the fuse- 
semiconductor coordination is the 
most accurate is the II versus tc 
(peak cut-off current versus total 
arcing time) log-log diagram. In 



this diagram the semiconductor 
capability varies the least with the 
actual triangular shape of the fuse 
cut-off current. 
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APPENDIX A 
CALCULATION OF F (t) 



Triangular current stresses (Figs. A-l through A-5). 



Fig.A-1 



i 

I 



I( t) = — tforo<t<T G 

„<,<r„ :F(0 . /;^±(i-) 3,2 ,3« d ,.|(i) 3 ' 2 / o W* 

/M 3/2 3*2 

t> To :P (t) =/ T ° +e V^[^(y 3/ V-^. 6(T . To) ] dr 

/ I o\ 3/2 r377 , 3t+2T Q . 3t 2 t-2T ] 



F(t)i 



att=T„, therefore 



W = ^v^ = 0.590 Tif^ 



a=2 



occurs in t = T 



Fig. A-2 



o<t<-:I(,) = 



2L 



7\ 

0V 2 T « (^<t<T :I (t) ^(T -t) 



°<t<y:F (t) 



8 



f<«<vF (t ) =|(^) 3/2 [/; o/ w d ,-/; /2 v(^)a T ] 

= 3 m, p La + v t + £ 

2 \ T / [ 16 4 2 8 t 
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4 2 2 



F ^-l( 2 Jo\' rt2,T** /T . T t 2 . T -t 



(T -t) 2 



In 



2 2 



This curve can be drawn point by point and: 



occurs in t = .63 T„ 



14 0=3 

Fig.A-3 lQ /\\ 

Tf/3J t 



o<t< T : I( t ) 



3 In 



y<*<T : I (t) = ^ (T -t) 



3I„\ 3 / 2 



. 9V3-7T /_t_\2 r^jT 
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3 yT 

2V2 



2f ^ 



4 V 3 \T 3) 8 T -t 



/t_\2 3t_ 2 

7T / t \ 2 \T / To T G /77^ JT 

— — I - — arcsin / — I 1 

16 \T / 8 31 8 V 3 \T 3/ 



2 -L + I- 2 



Jo "3) 



This curve drawn point by point yields: 



F max = 0.450 



73 



'o 



occurs in t = 0.53 T 



Fig.A-4 



o<t<— : I/a 
10 w 



10 I 



^<t<T : I< t) = ^(T -t) 



p 3 /10I O \ 3/2 ft /7 — , 3 /10I o \3/2 ^ 
_ 15^10" n It \2 A-J— 
T <Wt B 3 fVlO ^^/ioi\3/2 3 t /l0I o \3/2 

[/: o/i w.^/; o/10 ^^ d ,j 



15VT0" 



5— -1 10— -1 



£ \ T o/ . L / * 
16 



arcsin 

8 Vt / 5 _l 



36 



/i_/t_ J_\ ' T °/ i n 5 T ° ^ 10 ' T ° 10 / 
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This curve drawn point by point yields: 

F max = 0.420 v^T~ 



occurs in t = 0.43 T n 



Fig. AS 



T t 



kt) = t ^o-O foro<t<T 



o<t<T :F (t) - /Jv^) [l 3 / 2 6 (T) - 1^ ^ 
= ^ /2 ^-|(^) 3/2 £ V (t-r)(T -r) dr 



r 5 .3t 



S MijL ll.±-\ 2 h T„ 
T o 16 V T / , t 



I-— 



And: 



W = 0.405 Vl^T 



occurs in t = 0.39 T 



2. Half-sinewave current stress (Fig. A-6) 



Fig. ^-6 10 )T\ ff 

0^? I(t) = IoSin-tforo<t< To 

o<t<T : F (t) = p o VT=r | I^Vsin^r i cos ^-rdr 
2 T 3/2 Jo ' T o 'o 



o <y <tt : F^) = — ^3^ V(y-x) sin x cos x dx 

Therefore: 

Fmax=Wl3r~ 
occurs in t ■ 0.68 T 
3. Rectified full-sinewave current stress (Fig. A-7( 



Fig. A 



0<t<^:I { t ) = I og mI?-t 
2 l o 



| ^<t<T :I (t) = -I oS in^-t 
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T G 3/2 



Jo T n 



3 " '". TC os — rdr 



^<,<T :F (t) = y^7)I 3/2|^ 

-/t o/2V T7Io 3/2 |-/ 



. 27T 2ff 217 . 

sin — — 7 —— cos — — t dr 



3 IT 
T3/2 



2jt 2 it 2jt 
^- v - sin =- T — cos ^ t dr 



[ f T ° /2 y ( t-r)sin^Lr cos £ T dr 
Jo 'o 'o 



Finally: 



o<y<ir : F(yi = — \Ao 3 T f y V(y-x)sinx cos x dx 

2n/2jF -»o 

o<y<2)r : F fv \= — -3 — \Ao 3 T f* %A(y-x)sinx cosxdx 

- j V V- (y -x) sin x cos x dxj 

This curve was integrated point by point and is shown in Fig. 13. 

Fmax = 0-585 \/l 3 T 
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APPENDIX B 

Linearity of II vs t c Fuse-Characteristic Curves in Log-Log Diagrams. 

To establish the II versus t c fuse characteristics diagram, two curves are used (Fig. B-l 
and B-2), which have the following shapes:- 



LOG- SCALE 
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Fig. B-l 
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Fig. B-2 



C is the fuse rated current. 



I L = k 2(C)-Ip X 2 

where k<> is a function of C, and can be approximated by: 

k 2 (C) = k 2 -C x 3 

(This approximation can be easily checked on actual fuse curves. ) 
Now: 

I L = k 2 -C*3-I p *2 

t c = ki-C x l-I p -M or I p = k 1 1 /"l-C-t c -l/xi 

And: 

I L = k 2 -C x 3-k 1 x 2/ x l -C x 2-t c ' x 2/ x l 

I L = k 2 -ki x 2/ x l-C( x 2 +x 3)-t c - x 2 / x l 

In log-log diagram, the family of curves giving Ij^ versus t c for different constant values of 
C consists of parallel straight lines. 

Fromt c = ki-C x l-Ip- x l : 



And: 



c = i p -k 1 -i/ x i-t c 1 / x i 

I L = k 2 -k,- x 3/ x l-I p ( x 2 +x 3)-t c x 3/ x l 



In a log-log diagram, the family of curves giving II versus t c for 
of Ip, consists of parallel straight lines. 



various constant values 



For example, assume that the II versus t c curves for a 600-volt fuse used at 300 volts i 
desired. 

From the t c versus I p /C300-volt curve (Fig. B-3| 

t c =.044(i)-°- 77 

x, = 0.77 
k, = 0.044 

From II versus Ip curves (Fig. B-5) 

I L =5.04C- 67 Ip- 35 

x 2 = .35 
x 3 = .67 
k 2 = 5.04 




RMS VALUE OF PROSPECTIVE CURRENT IN MULTIPLES OF 
THE RATED CURRENT (I,/CI 



Fig. B-3 

The equations that yield the two families of curves are: 

I L = 1 .24 C 1 - 02 t c ~- 45 (family of curves at constant C) 
IL = 76 Ip 1 - 02 t c - 87 (family of curves at constant Ip) 

These two families are shown in Fig. B-4. 
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When Incorporating RCA Solid State Devices In 
equipment. It li recommended that the designer 
refer to "Operating Considerations for RCA Solid 
State Devices", Form No. 1CE-402, available on 
request from' RCA Solid State Division, Box 3200, 
Somervllle, N. J. 08876. 
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